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Stellera chamaejasmeStellera chamaejasme L. is a well-recognized traditional medicine in China and can synthesizes various secondary
metabolites including a group of ﬂavonoids. However, little is known about themolecular mechanisms underly-
ing ﬂavonoid biosynthesis. In this study, large-scale RNA sequencing on ﬂower of S. chamaejasme produced a de
novo transcriptome consisting of 32,216 unigenes with a N50 length of 1745 bp. Among all unigenes, 21,355
unigenes were identiﬁed as putative homologs of annotated sequences in the public protein databases. Further
functional classiﬁcation revealed that the active genes in ﬂower are predominately involved inmetabolic process
and biosynthesis of secondary metabolite pathways. A total of 19 candidate genes encoding 11 structural en-
zymes involved in ﬂavonoid biosynthesis were identiﬁed in the unigene dataset by targeted searches of their an-
notations. In addition, a number of regulatory genes including MYB, basic helix-loop-helix (bHLH), and WD40
repeat proteins were discovered based on transcriptome dataset. Therefore, this study presents the ﬁrst survey
of transcriptomeon theﬂower of S. chamaejasme to discover themajor candidate genes involved inﬂavonoidbio-
synthesis pathway. These results will promote an understanding of the genetic mechanism of ﬂavonoid biosyn-
thesis in S. chamaejasme. At the same time, this transcriptome dataset can serve as an important public
information platform for gene expression, genomic and functional genomic studies in this species.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Stellera chamaejasme L. is a perennial plant that belongs to the
Thymelaeaceae family. It is a well-recognized traditional medicine and
widespread in Russia, Mongolia, and the northern and western China
(Zhang et al., 2010). Initial studies have indicated that this plant has
two ﬂower colors. The white-red ﬂower type (TypeWR) has a red
calyx tube and white tube lobe ﬂowers, which has a vast distribution
from the Qinghai-Tibet (Q-T) Plateau to northern China. The second
one is the pure-yellow ﬂower (Type Y) with a yellow calyx tube and
lobes, which grows south from the Hengduan (H-D) Mountains to the
Yungui Plateau. Léveillé and Linnaeus et al. delimitated them as twothocyanidin; TFs, transcription
e synthase; CHI, chalcone isom-
ydroxylase; F3’5'H, ﬂavonoid 3′,
anthocyanidin synthase; UFGT,
ol synthase; ANR, anthocyanidin
n-redundant; Swiss-Prot, Swiss-
and Genomes; COG, Cluster of
. This is an open access article underseparate species or two forms of this species based on their ﬂower
color (Diels, 1912; Huang, 1985; Léveillé, 1912; Linnaeus, 1753). During
several years of ﬁeld investigation and collections, we have found an-
other two ﬂower colors, although they have narrowly geographic distri-
butions. The white-yellow ﬂower type (TypeWY) with yellow ﬂower
calyx tube and white tube lobes is mainly distributed in the southeast-
ern H-D Mountains and the pure-red ﬂower type (Type R) with a red
calyx tube and lobes is only found in Yajiang County of the H-D
Mountains. However, our phylogenetic analysis has revealed that
S. chamaejasme is monophyletic origin based on molecular data and
the plants with different ﬂower colors might be formed via the signiﬁ-
cant geographical or environmental isolation (Zhang et al., 2010). To
further support our results, it is necessary to explore the molecular
mechanism of ﬂower color diversity of this plant.
More and more studies have indicated that S. chamaejasme
can synthesizes a group of ﬂavonoids, which exhibit antibacterial,
immunomodulation, anti-HIV, anti-HBV, antimitotic and antifungal ac-
tivities (Asada et al., 2013; Liu et al., 2008; Xu et al., 2001; Yang et al.,
2005). In addition, ﬂavonoid is one of major ﬂoral pigments, and con-
tributesmost to the range and type of colored pigments in plants. Flavo-
noids consist of more than 10 classes of compounds, among which
anthocyanins is the key component. Flower with anthocyanins present
red, pink, purple and blue. In addition, the difference in the ﬂoral colorthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
65Y.-H. Zhang et al. / Plant Gene 4 (2015) 64–68depends on the chemical nature of anthocyanins, their glycosylation
andmethylation status, the pH of the vacuole (inwhich the pigments
are normally located), presence of metal, and most importantly, the
extent of co-occurrence of other ﬂavonoids, such as ﬂavonols and ﬂa-
vones. Although the biochemistry and enzymology of ﬂavonoid bio-
synthesis is well known in model plants such as Zea mays L. (maize)
(Bruce et al., 2000; Morohashi et al., 2012), Arabidopsis (Winkel-
Shirley, 2001), there is no any information about this pathway in
S. chamaejasme. With the application of high-throughput sequencing
technology, a number of genes related to ﬂavonoid biosynthesis have
been identiﬁed in many plants with non-sequenced genomes, such
as safﬂower (Carthamus tinctorius L.) (Li et al., 2012) and the tea
plant (Camellia sinensis) (Shi et al., 2011).
In this study, RNA-Seq sequencing of expressed cDNAs (ESTs) of the
ﬂowers of S. chamaejasme has been applied and the enzyme-encoding
genes involved in ﬂavonoid biosynthesis and the regulatory genes of
three transcription factor families were identiﬁed. This result enriched
the gene resource of S. chamaejasme and became a genetic basis for fur-
ther investigation on themolecular mechanism of ﬂavonoid biosynthe-
sis in this species.2. Materials and methods
2.1. RNA sampling
The yellow ﬂowers of S. chamaejasmewere collected from the natu-
ral population in Shangri-La County, Yunnan Province, China. Flower
materials were immediately frozen in liquid nitrogen and stored at
−80 °C until used. Total RNA was isolated using RNeasy Plant Mini Kit
(Qiagen, Valencia, CA) and then treated with DNase using DNase I kit
(TaKaRa, Japan) based on themanufacturer's instructions. RNA integrity
was examined by 1% agarose gel electrophoresis and a spectrophotom-
eter (NanoDrop Technologies, Wilmington, DE, USA).2.2. Library preparation and sequencing
Total RNA extracts were prepared for mRNA-Seq on the Illumina
Genome Analyzer II following the manufacturer's instructions
(Illumina). Firstly, poly-A+ RNA was isolated from tRNA and rRNA
using magnetic beads with Oligo (dT). The mRNA was then eluted
and fragmented using a proprietary fragmentation buffer relying
on divalent captions and high temperature. Then the ﬁrst cDNA
strand was synthesized using the mRNA fragments as templates,
and the second strand was generated using a SuperScript Double-
Stranded cDNA Synthesis kit (Invitrogen, Camarillo, CA), puriﬁed
via magnetic beads, the ends repaired and a single nucleotide A (ad-
enine) added to the 3′ ends. Sequencing adapters were ligated to
each blunt end cDNA and the suitable fragments were selected for
the PCR ampliﬁcation as templates. After quantiﬁcation and qualiﬁ-
cation of the sample library using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA) and ABI StepOnePlus Real-
Time PCR System (Applied Biosystems, USA), the samples were se-
quenced using an Illumina HiSeq™ 2000 platform (Illumina Inc.,
San Diego, CA, USA). The transcriptome reads are available from
GenBank's Sequence Read Archive (Accession# SRR2097156).Table 1
Raw reads and assembled data information by transcriptome sequencing.
Raw reads Clean reads
Total reads 44,754,796 Total reads
Total nucleotides (nt) 4,475,479,600 Total nucleotides
Q20 percentage 98.83% Q20 percentage
GC percentage 46.59% GC percentage2.3. De novo assembly and functional annotation
The raw reads were ﬁltered by removing the adapter sequences,
empty reads, low-quality reads, and the reads with more than 20%
Q b 20 bases. Cleaned and qualiﬁed reads were then assembled in Trin-
ity software (Haas et al., 2013), which the resulted sequences were
called Unigenes. Blastx alignment (e-value b 1.00E-05) between these
unigenes sequences and the NCBI non-redundant (Nr) (http://www.
ncbi.nlm.nih.gov), Swiss-Prot (http://www.expasy.ch/sprot), Kyoto En-
cyclopedia Genes and Genomes (KEGG) (http://www.genome.jp/kegg)
and Cluster of Orthologous Groups (COG) (http://www.ncbi.nlm.nih.
gov/COG) was performed and the best aligning results were used to de-
termine the sequence direction of Unigenes. The proteins with the
highest sequence similarity with the given sequences identiﬁed in this
studywere retrieved and their functional annotationswere determined.
Blast2GO program (Gotz et al., 2008) was used to obtain the Gene On-
tology (GO) annotation of Unigenes according to the Nr annotation.
The Web Gene Ontology Annotation Plot (WEGO) software (Ye et al.,
2006) was implemented to run the GO functional classiﬁcations for
the annotated unigenes.
3. Results and discussion
3.1. Sequencing and de novo transcriptome assembly
We constructed the cDNA library from complete ﬂower tissues of
S. chamaejasme for high-throughput sequencing. A total number of
44,754,796 raw readswere generated frompaired-end readswith a sin-
gle read length of ~100 bp and Q20 percentages of 98.83% (percentage
of sequences with sequencing error rates b1%) and GC percentages of
46.59% (Table 1). These data showed that the throughput and sequenc-
ing quality were high enough to warrant further analysis. After remov-
ing low-quality reads including adapters, primers sequences, and short
sequences (50 bp), 1,634,670 clean reads consisting of 122,600,250 nu-
cleotides (nt) were obtained with an average GC content of 48.50%
(Table 1). All high quality clean reads were assembled into 32,216
unigenes with a N50 length of 1745 bp, and a total length of 34 Mb
using pair-end annotations (Table 1). All unigene sequences had a
mean length of 1048 bp and their size distribution was shown in Fig. S1.
3.2. Functional annotation
Due to the lack of a complete genome sequence in S. chamaejasme,
all unigenes were blasted against four public databases: Nr, Swiss-
Prot, KEGG, COG when taking into account the identity between the
unigene sequence and the sequence in the database (E-value
b0.00001). As a result, 66.36% (21,379 of the total 32,216 unigenes) of
the predicted protein unigenes were annotated in this transcriptome
data. Of all the unigenes, 21,355 (66.28%), 15,793 (49.02%), 5994
(18.61%), 7867 (24.42%) unigenes were annotated to the Nr, Swiss-
Prot, KEGG, and COG databases, respectively (Fig. 1). These results re-
vealed that the majority of unigenes matched to the Nr database,
which showed signiﬁcantly similarity to known proteins of various
plants that included Theobroma cacao (44.48%), Vitis vinifera (9.88%),
Cucumis sativus (5.68%), Fragaria vesca subsp. vesca (5.35%), Arabidopsis
thaliana (5.18%), Cicer arietinum (3.99%), and Oryza sativa Japonica
Group (3.69%) (Fig. S2). The remaining 33.75% of unigenes (10,873)Unigene
1,634,670 Total number 32,216
122,600,250 Total nucleotides 33,772,978
89.47% N50 1745
48.5% Mean length (bp) 1048.33
Fig. 1. Statistic summary of functional annotation for S. chamaejasme sequences in four public databases.
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ESTScan. An additional 1006 unigenes (3.12%) also showed the orienta-
tions in the transcript coding sequences (data not shown). The un-
matched unigenes may represent novel genes speciﬁcally expressed in
ﬂower of S. chamaejasme. Alternatively, they could be attributed to
other technical or biological biases, such as assembly parameters. There-
fore, these lineage-speciﬁc transcript sequences need to be further ver-
iﬁed in the future.
Gene ontology (GO) assignments were applied and the functions of
the unigenes were classiﬁed based on GO terms. A total of 10,064
unigenes of S. chamaejasme were allocated to speciﬁc GO categories,
49,648 unigeneswere putatively identiﬁedwithGO functions, including
19,610 (39.50%) sequences at the biological process level, 10,994
(22.14%) sequences at the molecular function level, and 19,044
(38.36%) sequences at the cellular component level, which were
subdivided into 22, 11, 10 main categories, respectively (Fig. S3). In ad-
dition, in the biological process category, metabolic process (5041,
25.71%) and cellular process (4838, 24.67%) account for the major pro-
portion (Fig. S3). Unigenes assigned to the cell (5885, 30.90%) and cell
part (5885, 30.90%) subcategories were most abundant among the cel-
lular component category (Fig. S3). Within themolecular function cate-
gory, catalytic activity (5370, 48.84%) and binding (4437, 40.36%) were
dominant functions (Fig. S3).Fig. 2. Classiﬁcation based on categories o3.3. Identiﬁcation of candidate genes involved in the ﬂavonoid biosynthesis
pathway
Pathway-based analysis for the ﬂower transcriptome of
S. chamaejasme is helpful to further understand the biological func-
tions and genes interactions. A total of 8064 unigenes were assigned
to 123 different pathways in KEGG database, and the top 10 KEGG path-
ways are shown in Fig. S4. The pathwayswithmost representationwere
‘Metabolic’ and ‘Biosynthesis of secondary metabolites’ (Fig. S4),which
was consistent with the GO categories of biological process (Fig. S3).
In metabolism categories, the biosynthesis of secondary metabolites
were sorted into 28 subcategories including phenylpropanoid biosyn-
thesis, phenylalanine biosynthesis, tyrosine and tryptophan biosynthe-
sis, carotenoid biosynthesis, glucosinolate biosynthesis, ﬂavonoid
biosynthesis, betalain biosynthesis and biosynthesis of other secondary
metabolites (Fig. 2). These results indicated that the diverse metabolic
processes are active and a variety of metabolites are synthesized in
the ﬂower of S. chamaejasme. All these genes involved in the enrich-
ment of secondary metabolite biosynthesis would greatly enhance the
potential utilization of S. chamaejasme in nutrition and pharmacy.
To obtain the reliable candidate genes, we achieved amore than 95%
breadth of coverage of the full length of structure gene. In the annotated
S. chamaejasme transcriptome dataset, a total of 19 unigenes encodingf secondary metabolite biosynthesis.
Fig. 3. Assembled unigenes of S. chamaejasme involved in the ﬂavonoid biosynthesis. The
numbers in bracket indicate the unigenes number of each gene in ﬂower cDNA library.
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(Fig. 3) and their detail information are summarized in Table 2. As can
be seen in Fig. 3, the anthocyanin is one end product of the complex ﬂa-
vonoid pathways but proanthocyanidins and ﬂavonols derived from
other branches of this pathwaywere also found in this study. Therefore,
ﬂavonoid biosynthesis in S. chamaejasme looks more like a complex
metabolic grid. Although S. chamaejasme has not available genome, 11
structure genes involved in ﬂavonoid biosynthetic pathway were
found, which might contribute to the ﬂower color diversity of this spe-
cies. Meanwhile, all structure genes have been found in Camellia
sinensis, a nonsequenced plant with different ﬂower colors (Shi et al.,
2011). However, some genome-sequenced species have not all structure
genes of ﬂavonoid pathways. For example, two genes of F3'5'H and LAR
are not found in model plant Arabidopsis and several Brassica plants
(Guo et al., 2014). In particular, there are only found several genes in-
volved in ﬂavonols pathways in the yellow ﬂower cucumber and the
genes from two branches of proanthocyanidins and anthocyanidins are
not identiﬁed in this plant (data not shown). Therefore, these compari-
sons have revealed that the identiﬁcation of candidate genes involved in
ﬂavonoid biosynthesis pathway is not restricted to the species with se-
quenced genomes.
Besides, ﬂavonols usually act as co-pigments to affect the ﬂower color,
which also have been shown to be responsible for the yellow petal of
Lathyus chrysanthus (Aida et al., 2000; Markham and Hammett, 1994).
Therefore, we presumed that the production of ﬂavonols catalyzed by ﬂa-
vonol synthase (FLS, 2 unigenes) might correlate with the yellow ﬂoralTable 2
Summary of genes involved in ﬂavonoid biosynthesis in S. chamaejasme.
Gene KO entry EC no. Enzyme name Number
CHS K00660 2.3.1.74 Chalcone synthase 4
CHI K01859 5.5.1.6 Chalcone isomerase 1
F3H K00475 1.14.11.9 Flavanone 3-hydroxylase 1
F3'H K05280 1.14.13.21 Flavanone 3′-hydroxylase 3
F3’5'H K13083 1.14.13.88 Flavonoid 3′,5′-hydroxylase 1
FLS K05278 1.14.11.23 Flavonol synthase 2
DFR K13082 1.1.1.219 Dihydroﬂavonol 4-reductase 1
ANS/LDOX K05277 1.14.11.19 Leucoanthocyanidin dioxygenase 1
UFGT K13496 2.4.1.- UDP-glucosyl transferase 3
ANR K08695 1.3.1.77 Anthocyanidin reductase 1
LAR K13081 1.17.1.3 Leucoanthocyanidin reductase 1coloration of S. chamaejasme. In addition, two modiﬁed genes of ﬂavo-
nol — ﬂavonol 3-O-glucosyltransferase (1 unigene) and ﬂavonol 3-O-
methyltransferase (2 unigenes)— in this study were found, which glyco-
sylate andmethylate these ﬂavonols and increase their stability (data not
shown). Therefore, such modiﬁcation of ﬂavonol will contribute to the
stable yellow color of the ﬂower of S. chamaejasme. Our results also indi-
cated that almost all the genes from the ﬂavonoid pathway have more
than one copy in genome of S. chamaejasme, we thus speculated this spe-
ciesmight experience different evolutionarymechanism after duplication
events.
Flavonoid pathway genes are known to be coordinately induced by a
common set of proteins, comprised of MYB, bHLH proteins plus WD40
repeat proteins. The MYB proteins are believed to be key components
in the allocation of speciﬁc gene expression patterns. From our tran-
scriptome analysis, a total of 28 unigenes were predicted to MYB pro-
teins (Table S1). Previous study has indicated that the different MYB
members can control separately the biosynthesis of the end products
of different ﬂavonoid pathway branches leading to anthocyanins, ﬂavo-
nols, and proanthocyanins (Akagi et al., 2009; Czemmel et al., 2009).
However, the speciﬁc function of the particular MYB member in ﬂavo-
noid biosynthesis in S. chamaejasme need to be further veriﬁed with
functional genomics approach. In addition, 10 bHLH and 173 WD40
repeat proteins were found in the ﬂower transcriptome dataset of
S. chamaejasme, respectively (Table S1). These proteins are reported to in-
teract with the MYB protein and form the MYB–bHLH–WD complex to
control the transcriptional changes of the ﬂavonoid biosynthesis genes
(Jaakola, 2013). However, the signal network behind the ﬂavonoid bio-
synthesis pathway needs further investigation in S. chamaejasme.
4. Conclusions
Weﬁrstly performed RNA-Seq sequencing on the completeﬂower of
S. chamaejasme. After assembly and annotation of the ﬂower tran-
scriptome data, we identiﬁed 19 candidate structural genes involved
in ﬂavonoid biosynthesis pathway. Our result indicated that ﬂavonoid
biosynthesis in S. chamaejasmemight be a complex metabolic grid be-
cause all major structural genes from this pathway were found in this
study. In addition, the regulatory genes of these structural genes, includ-
ingMYBTFs, bHLHTFs andWD40 repeat proteinswere dined in present
study. Hence, our primary investigation on the genes related to ﬂavo-
noid biosynthesis in S. chamaejasmewill provide a better understanding
of the genetic mechanism of ﬂavonoid biosynthesis andmake full use of
this species in the future.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2015.09.006.
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